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INTRODUCTION 

Coal g a s i f i c a t i o n  p r o c e s s e s  may be d i v i d e d  i n t o  two s t a g e s .  They are ,  t h e  
i n i t i a l  r a p i d  r e l e a s e  of v o l a t i l e  matter and  t h e  r e l a t i v e l y  s low g a s i f i c a t i o n  of 

c a u s e  t h e  h e a t  t r e a t m e n t  c o n d i t i o n s  under  which c o a l  p y r o l y s i s  o c c u r s  d e t e r m i n e ,  

importance of u n d e r s t a n d i n g  d e v o l a t i l i z a t i o n  k i n e t i c s  h a s  l o n g  been recognized  
( 2 - 6 ) .  However, i t  i s  s u r p r i s i n g  t o  n o t e  t h a t  very  l i t t l e  i n f o r m a t i o n  i s  a v a i l a b l e  
i n  t h e  l i t e r a t u r e  r e g a r d i n g  t h e  s t r u c t u r e  and  r e a c t i v i t y  of t h e  c h a r s  produced 
i n  t h e s e  s t u d i e s .  

l t h e  r e s i d u a l  c h a r .  These  two p r o c e s s e s  are n o t ,  however, t o t a l l y  independent  be- 
1, 
( t o  a l a r g e  e x t e n t ,  t h e  s t r u c t u r e  and r e a c t i v i t y  of t h e  r e m a i n i n g  c h a r  (1). The ' 
1 

The work d e s c r i b e d  h e r e  is concerned  w i t h  t h e  u t i l i z a t i o n  of b i t u m i n o u s  (caking)  
c o a l s  i n  d i l u t e  phase ,  r a p i d  h e a t i n g  g a s i f i c a t i o n  and  combust ion sys tems.  Two 
h i g h l y  caking  c o a l s  were p y r o l y z e d  i n  a n  e n t r a i n e d  f l o w  t u b e  f u r n a c e  sys tem and  
d e v o l a t i l i z a t i o n  k i n e t i c s  d e t e r m i n e d  f o r  each c o a l  a t  t e m p e r a t u r e s  of 900 and  1000°C. 
S t r u c t u r a l  p r o p e r t i e s  of t h e  c h a r s  c o l l e c t e d  i n  t h i s  work w e r e  t h e n  a n a l y z e d .  I n  
a d d i t i o n ,  t h e  e f f e c t s  of m i l d  p r e o x i d a t i o n  of t h e s e  c o a l s  upon t h e i r  subsequent  
p y r o l y s i s  b e h a v i o r  were examined. Samples  of each c o a l  were o x i d i z e d  t o  v a r i o u s  
levels  p r i o r  t o  h e a t  t r e a t m e n t .  D e v o l a t i l i z a t i o n  k i n e t i c s  and  s t r u c t u r a l  p r o p e r t i e s  
of t h e  c h a r s  produced were t h e n  a n a l y z e d .  R e s u l t s  r e p o r t e d  h e r e  f o l l o w  t h e  develop- 
ment of c h a r  s t r u c t u r e  w i t h  v a r y i n g  heat, t r e a t m e n t  c o n d i t i o n s  and examine changes  
i n  c h a r  morphology which o c c u r  on p r e o x i d a t i o n  of t h e s e  c o a l s .  T h i s  work is of 
p r a c t i c a l  impor tance  i n  f u t u r e  d e s i g n  c o n s i d e r a t i o n s  f o r  d i l u t e  p h a s e  g a s i f i e r s  
a n d  of p a r t i c u l a r  i n t e r e s t  i n  g a s i f i c a t i o n  schemes where agglomera t ion  of c a k i n g  
c o a l s  can  cause  s e r i o u s  problems.  

EXPERIMENTAL 

P y r o l y s i s  e x p e r i m e n t s  were conducted  i n  a n  e n t r a i n e d  f l o w  t u b e  f u r n a c e  somewhat 
s i m i l a r  t o  t h a t  d e s c r i b e d  by S c a r o n i  et  a l .  (7,8) and Nsakala  and  coworkers  (9 ) .  
B r i e f l y ,  a d i l u t e - p h a s e  c o a l  stream is e n t r a i n e d  i n  a pr imary  carrier g a s ,  p a s s e d  
through a water  c o o l e d  p r o b e  a n d  t h e n  i n j e c t e d  i n t o  t h e  c e n t e r  of a p r e h e a t e d  secon- 
dary  g a s  stream. The secondary  g a s  s t r e a m  e n t e r s  t h e  r e a c t i o n  zone a t  a tempera- 
t u r e  s l i g h t l y  above  t h e  f u r n a c e  w a l l  t e m p e r a t u r e  s o  t h a t  upon mixing  t h e  combined 
g a s  s t r e a m  a t t a i n s  t h e  d e s i r e d  r e a c t i o n  t e m p e r a t u r e  (?  10OC). The pr imary modes 
of c o a l  p a r t i c l e  h e a t i n g  a r e  conduct ion  from t h e  g a s  a n d  r a d i a t i o n  from t h e  f u r n a c e  
w a l l s .  Hea t ing  r a t e s  i n  e x c e s s  of 10,OOO°C/s a re  e s t i m a t e d .  Coal  p a r t i c l e s  t r a v e l  
i n  a p e n c i l  stream down t h e  a x i s  of t h e  f u r n a c e  t u b e .  Samples  a r e  c o l l e c t e d  and  
r a p i d l y  quenched (> 10,OOO°C/s quench r a t e )  u s i n g  a w a t e r  c o o l e d  probe which i s  
i n s e r t e d  up t h e  a x i s  of t h e  f u r n a c e .  R e a c t i o n  t imes a r e  v a r i e d  by changing t h e  
p o s i t i o n  of t h e  sampl ing  p r o b e  re la t ive  t o  t h e  i n j e c t o r .  The o p e r a t i n g  c o n d i t i o n s  
a t  each  t e m p e r a t u r e  s t u d i e d  a r e  g i v e n  i n  T a b l e  1. 
carrier g a s  and i s  a d j u s t e d  t o  m a i n t a i n  i s o k i n e t i c  sample i n j e c t i o n .  
g a s  i s  n i t r o g e n .  

Helium i s  u s e d  a s  t h e  pr imary  
The secondary 

Weight l o s s  due t o  p y r o l y s i s  was de te rmined  u s i n g  a s h  a s  a t r a c e r .  The proxi -  
mate a n a l y s e s  of  t h e  samples  used  i n  t h i s  work are  p r e s e n t e d  i n  T a b l e  2 .  The c o a l s  
examined were PSOC-1133 a LV c o a l  f rom t h e  Lower K i t t a n i n g  seam i n  Pennsylvania  
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TABLE 1. OPERATING CONDITIONS 

O p e r a t i n g  Tempera ture  "C 900 1000 

Coal  Feed Rate g/min 0.5 0.5 

Mean Gas V e l o c i t y  cm/s 

Secondary N2/Primary H e  (Mole B a s i s )  

97 

26.4 
105 

24.2 

TABLE 2. PROXIMATE ANALYSES OF SAMPLES (200x270 mesh f r a c t i o n s )  

Sample M o i s t u r e ,  % Ash, % V o l a t i l e  M a t t e r ,  % F i x e d  Carbon,  % 

PSOC-1099 (Raw Coal )  1 . 6  9 .0  33 .7  56 .7  

PSOC-1099 (1% O 2  added)  0 . 9  12 .6  32 .5  6 4 . 0  

PSOC-1133 (Raw Coal )  0 . 4  16.4 18.5 6 4 . 7  

PSOC-1133 (0.5% O 2  added)  1.1 1 9 . 3  17 .6  6 2 . 0  

PSOC-1133 (1% O 2  added)  1.1 1 9 . 5  1 8 . 2  6 2 . 2  

and PSOC-1099 a HVA c o a l  f rom t h e  P i t t s b u r g h  seam i n  P e n n s y l v a n i a .  A l l  work was con- 
d u c t e d  on 200x270 mesh s i z e  f r a c t i o n s  wi th  mean p a r t i c l e  d i a m e t e r  of 63 um. 

P r e o x i d i z e d  samples  were p r e p a r e d  i n  a f l u i d i z e d  b e d  f u r n a c e .  Samples of s i z e d  
c o a l  (200x270 mesh) were f l u i d i z e d  i n  n i t r o g e n  a n d  b r o u g h t  t o  r e a c t i o n  tempera ture  
(175OC). The f l u i d i z i n g  g a s  w a s  then  swi tched  t o  a i r  and  t h e  samples  were oxid ized  
f o r  v a r i o u s  prede termined  t imes.  O x i d a t i o n  t i m e s  were de termined  based  upon thermo- 
g r a v i m e t r i c  s t u d i e s  of t h e  a i r  o x i d a t i o n  of each  c o a l .  It is  assumed t h a t  o x i d a t i o n  
r a t e s  i n  t h e  thermobalance  and f l u i d i z e d  bed  s y s t e m s  a re  e q u i v a l e n t .  T h i s  assumption 
i s  v a l i d  i f  one  i n s u r e s  t h a t  t h e  O 2  p a r t i a l  p r e s s u r e  i n  each sys tem i s  t h e  same 
and  t h a t  t h e r e  a r e  no  bed d i f f u s i o n  e f f e c t s  i n  t h e  thermobalance  system. Opera t ing  
c o n d i t i o n s  w e r e  s e l e c t e d  t o  m e e t  t h e s e  r e q u i r e m e n t s .  O x i d a t i o n  l e v e l s  r e p o r t e d  
h e r e  are g iven  a s  % w e i g h t  g a i n  on  o x i d a t i o n  ( d r y  c o a l  b a s i s ) .  

RESULTS AND DISCUSSION 

Typica l  w e i g h t  l o s s  v e r s u s  t i m e  c u r v e s  f o r  d e v o l a t i l i z a t i o n  of PSOC-1133 (LV 
c o a l )  a r e  p r e s e n t e d  i n  F i g u r e  1. 
w i t h i n  t h e  f i r s t  100 msec of r e s i d e n c e  t i m e .  The same b e h a v i o r  w a s  observed  f o r  
t h e  HVA c o a l  examined i n  t h i s  s t u d y .  These  r e s u l t s  are i n  good agreement  w i t h  t h a t  
of Badzioch and Hawksley (10) .  I n  s i m i l a r  e x p e r i m e n t a l  sys tems i t  is o f t e n  assumed 
t h a t  p y r o l y s i s  o c c u r s  i s o t h e r m a l l y  (7-10) ,  however, t h i s  assumpt ion  cannot  b e  made 
f o r  t h e  c o a l s  a n a l y z e d  h e r e .  

T h i s  p l o t  shows weight  loss  is  e s s e n t i a l l y  complete 

F i g u r e  1 a l s o  shows t h e  maximum w e i g h t  l o s s  f o r  d e v o l a t i l i z a t i o n  a t  900°C i s  
g r e a t e r  than a t  1000°C. 
( 1 1 , l Z ) .  
v o l v e s  a c o m p e t i t i o n  between bond b r e a k i n g  r e a c t i o n s  (which r e s u l t  i n  v o l a t i l e  f o r -  
mat ion)  and secondary  r e c o m b i n a t i o n  o r  p o l y m e r i z a t i o n  ( c h a r  forming)  r e a c t i o n s ,  

S i m i l a r  o b s e r v a t i o n s  h a v e  been r e p o r t e d  by Menster  e t  a l .  
These a u t h o r s  s u g g e s t  a p o s s i b l e  e x p l a n a t i o n  f o r  t h i s  b e h a v i o r  which in-  

F i g u r e s  2 a n d  3 d e m o n s t r a t e  t h e  e f f e c t s  of p r e o x i d a t i o n  on d e v o l a t i l i z a t i o n  
b e h a v i o r .  O x i d a t i o n  a p p e a r s  t o  h a v e  l i t t l e  e f f e c t  on t h e  rate of p y r o l y s i s ,  how- 
e v e r ,  d e v o l a t i l i z a t i o n  o c c u r s  so  r a p i d l y  t h a t  t h e  t i m e  r e s o l u t i o n  of t h i s  sys tem 
may b e  i n a d e q u a t e  t o  d i s t i n g u i s h  such  e f f e c t s .  P r e o x i d a t i o n  r e d u c e s  t h e  y i e l d  of 
v o l a t i l e  m a t e r i a l  i n  a l l  c a s e s  examined.  T h i s  c o r r e s p o n d s  w i t h  a s h a r p  d e c r e a s e  
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i n  t h e  amount of c o n d e n s i b l e  p r o d u c t s  ( t a r s )  c o l l e c t e d . "  I n c r e a s e s  i n  t h e  l e v e l  
of o x i d a t i o n  p r i o r  t o  p y r o l y s i s  r e s u l t  i n  a p r o g r e s s i v e  r e d u c t i o n  i n  t h e  y i e l d  of  
v o l a t i l e  material. 

I c h a r a c t e r i s t i c  shape .  
t i m e .  F u r t h e r  s tudy  of t h i s  b e h a v i o r  i s  i n  p r o g r e s s .  

' 
D e v o l a t i l i z a t i o n  c u r v e s  f o r  p r e o x i d i z e d  c o a l s  a l l  h a v e  t h e  same 

Weight loss p a s s e s  through a s h a l l o w  minimum w i t h  r e s i d e n c e  

F i g u r e  4 shows a n  e l e c t r o n  micrograph  of PSOC-1133 c h a r  c o l l e c t e d  a f t e r  330 
msec r e s i d e n c e  time a t  1 0 0 0 " ~ .  Coal  s t r u c t u r e  h a s  undergone e x t e n s i v e  p h y s i c a l  
changes d u r i n g  t h e  p y r o l y s i s  p r o c e s s .  
s t r u c t u r e s  commonly c a l l e d  c e n o s p h e r e s  (13) ,  t h e  a v e r a g e  d i a m e t e r  of which is t h r e e  
times t h a t  of t h e  s t a r t i n g  c o a l .  T h i s  r e p r e s e n t s  a > 20 f o l d  i n c r e a s e  i n  volume. 
S i m i l a r  r e s u l t s  a r e  o b t a i n e d  a t  900°C and f o r  PSOC-1099 a t  each  t e m p e r a t u r e  s t u d i e d .  
Under t h e  p y r o l y s i s  c o n d i t i o n s  employed i n  t h i s  work c e n o s p h e r e s  are f u l l y  developed 
d u r i n g  t h e  e a r l y  s t a g e s  of p y r o l y s i s  ( <  40 msec) a f t e r  which no d e t e c t a b l e  changes  
i n  macroscopic  p r o p e r t i e s  a re  observed .  

These  c h a r s  a re  t h i n  w a l l e d  t r a n s p a r e n t  

F i g u r e  5 i s  a micrograph  of  a p r e o x i d i z e d  c o a l  c h a r  (PSOC-1133, 1% oxygen added)  
c o l l e c t e d  a f t e r  330 msec r e s i d e n c e  t i m e  a t  1000°C. These  c h a r s  do n o t  form t h e  
cenosphere  s t r u c t u r e s  e x h i b i t e d  by t h e  u n o x i d i z e d  c o a l s .  Char  p a r t i c l e s  a r e  rounded 
i n  shape  i n d i c a t i n g  t h a t  t h e  c o a l  p a s s e s  through a p l a s t i c  t r a n s i t i o n  d u r i n g  carbon-  
i z a t i o n  b u t  no s i g n i f i c a n t  s w e l l i n g  i s  observed .  

SUPIMARY 

The s h a r p  c o n t r a s t  i n  macroscopic  p r o p e r t i e s  of t h e  c h a r s  c o l l e c t e d  i n  t h i s  
s tudy  g i v e  rise t o  s e v e r a l  i m p o r t a n t  q u e s t i o n s  r e g a r d i n g  c h a r  g a s i f i c a t i o n .  Varying 
h e a t  t r e a t m e n t  c o n d i t i o n s  and coal. f e e d  s t o c k s  g i v e  rise t o  c h a r s  of w i d e l y  v a r y i n g  
s t r u c t u r e .  I n  o r d e r  t o  u n d e r s t a n d  t h e  b e h a v i o r  of t h e s e  m a t e r i a l s  i n  subsequent  
g a s i f i c a t i o n  s t e p s  a more d e t a i l e d  a n a l y s i s  of c h a r  s t r u c t u r e  i s  r e q u i r e d .  A t  p r e s e n t  
m i c r o s t r u c t u r a l  p r o p e r t i e s  ( s u r f a c e  a r e a s ,  p o r o s i t i e s )  of t h e  c h a r s  g e n e r a t e d  i n  
t h i s  s tudy  are b e i n g  examined i n  a n  e f f o r t  t o  b e t t e r  u n d e r s t a n d  t h e  r e l a t i o n s h i p  
between c h a r  s t r u c t u r e  and h e a t  t r e a t m e n t  c o n d i t i o n s .  R e s u l t s  of t h i s  work w i l l  
b e  a v a i l a b l e  s h o r t l y .  
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Figure I .  WEICIiT LOSS AS A FUNCTION OF RESIUESCE TIM€ FOR PSOC-I131 
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F l w r e  2 .  WEICBT LOSS VERSUS RESIDENCE TIHE AS A FUNCTION OF PREOXIOATIOB LEVEL 
FOR PSoc-1133 
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F i g u r e  3. WEIGHT LOSS VERSUS RESIDENCE TlHE A S  A FUNCTION OF PRUIXIDATTON LEVEL 
FOR P%X-LO99 
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F i g u r e  4 .  SCANNING ELECTRON MICROGRAPH OF P S O C - 1 1 3 3  CHAR 
330 m s e c  R e s i d e n c e  T i m e  a t  1 0 0 0 ° C  

F i g u r e  5. SCANNING ELECTRON MICROGRAPH OF A PREOXIDIZED COAL CHAR 
(PSOC-1133 1% O x y g e n  A d d e d )  330 m s e c  R e s i d e n c e  T i m e  a t  
looooc 
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